The properties and biology of mRNA transcripts can be affected profoundly by the choice of alternative polyadenylation sites, making definition of the 3 ends of transcripts essential for understanding their regulation. Here we show that 22-52% of sequences in commonly used human and murine ''full-length'' transcript databases may not currently end at bona fide polyadenylation sites. To identify probable transcript termini over the entire murine and human genomes, we analyzed the EST databases for positional clustering of EST ends. The analysis yielded 58,282 murine-and 86,410 human-candidate polyadenylation sites, of which 75% mapped to 23,091 known murine transcripts and 22,891 known human transcripts. The murine dataset correctly predicted 97% of the 3 ends in a manually curated and experimentally supported benchmark transcript set. Of currently known genes, 15% had no associated prediction and 25% had only a single predicted termination site. The remaining genes had an average of 3-4 alternative polyadenylation sites predicted for each murine or human transcript, respectively. The results are made available in the form of tables and an interactive web site that can be mined for rapid assessment of the validity of 3 ends in existing collections, enumeration of potential alternative 3 polyadenylation sites of known transcripts, direct retrieval of terminal sequences for design of probes, and detection of polyadenylation sites not currently mapped to known genes.
T he 3Ј ends of nascent mRNA transcripts are generated by a multifactorial complex that recognizes a well-defined hexamer polyadenylation signal (PAS, typically AAUAAA or AUUAAA) in a context that includes other less clearly defined motifs, cleaves the RNA 16-28 nt downstream of the PAS, and adds the characteristic polyA tail. Many transcripts are cleaved and polyadenylated at alternative sites that may depend on cellular contexts (1) (2) (3) (4) (5) . The 3Ј UTRs of transcripts frequently contain motifs that regulate their stability and ribosomal translation (6) and their translocation to the cytoplasm. Additionally, these 3Ј UTRs of transcripts may contain miRNA targets and short hairpin loops of regulatory significance. Indeed, as many as 40% of miRNA targets have been estimated to be located in alternative 3Ј UTR segments (7) . The properties and biology of transcripts can therefore be affected profoundly by the choice of alternative polyadenylation sites, making definition of the 3Ј ends of transcripts essential for understanding their regulation. There are additional practical motivations for determining 3Ј ends. For many genes, similarities in coding regions may make it necessary to find probes that target the UTRs to achieve the desired specificity. Furthermore, methods for amplification of cDNA are finding increasing use in circumstances wherein amounts of available RNA are too small, for example, for direct application to microarrays (8, 9) . Because amplification protocols are typically initiated by oligo(dT) priming on transcript polyA tails, there is an inherent bias toward best preservation of abundance of terminal 3Ј sequences. Amplified cDNAs are therefore ideally interrogated by probes that target sequences as close to 3Ј ends as is practical.
For access to 3Ј terminal sequences, biologists usually turn to highly curated collections of complete mRNA sequences, such as the RefSeq (10), Ensembl (11) , UCSC KnownGene (12) , FANTOM (3) and VEGA (13) collections. Probes in widely used commercial microarrays are similarly selected from sequence collections representative of full-length transcripts, from which probes near 3Ј polyadenylation sites could be generated in principle. Affymetrix, for example, has published collections of murine and human transcript sequences. However, it cannot be taken for granted that transcripts in public or commercial collections do in fact include sequences near all used alternative sites or that a given transcript sequence is complete to any of its possible termini. At the present time, no survey of the extent of completeness of the sequences in popular collections is available, leaving the onus on the user to determine whether a given transcript sequence ends at a valid polyadenylation site or not and whether other more frequently used sites exist upstream or downstream of available sequence ends.
A useful methodology exists (14-19) for locating polyadenylation sites based on the large and growing databases of EST sequences. These short sequences are sampled from larger cDNA clones, which are generally reverse-transcribed from polyadenylated cellular transcripts after priming with oligo(dT). NCBI's GenBank contained over 96 million such sequences as of March 2007. The high level of EST redundancy means that the expression of each gene is described in each organism by multiple independently derived ESTs, while their preparation based on oligo(dT) priming results in a preponderance of ESTs aligning to and terminating at 3Ј polyadenylation sites.
Here we report results directly addressing the needs of researchers for methodology and readily accessible databases facilitating the identification of 3Ј transcript ends. First, an analysis of the main public murine and human transcript collections provides evidence that up to half of available sequences may not end at true polyadenylation sites. We further describe and validate an EST-based method with improved prediction of candidate polyadenylation sites. The method was applied to both murine and human genomes to yield sets of predicted 3Ј ends mapped against the currently known genes. The results are presented in 4 datasets (Dataset S1, Dataset S2, Dataset S3, and Dataset S4), 2 text files (UCSCSessionmm8 and UCSCSessionhg18), and an interactive web site (www.ogic.ca/ts) that can be mined for rapid assessment of the validity of 3Ј ends in existing collections, enumeration of potential alternative 3Ј polyadenylation sites of known transcripts, direct retrieval of terminal sequences for the design of probes, and detection of polyadenylation sites not currently mapped to known genes. (For additional details, see also SI Text, Figs. S1-S8, and Tables S1-S5.)
Results
To obtain a comprehensive first approximation of the degree of completeness of available transcript sequence collections, we determined the proportion of 3Ј termini in various murine and human collections (including RefSeq, ENSEMBL, UCSC KnownGene, FANTOM, and VEGA) that contained a hexamer PAS. The results summarized in Table 1 indicate that despite the extensive hand curation involved in their creation, 22-52% of sequences in individual collections lack a terminal PAS and are thus likely not to end at sites of polyadenylation. We will refer here to 3Ј ends of database transcript sequences as "nominal ends."
For automating the process of detection of potential polyadenylation sites, we sought to identify clusters of EST ends associated with a nearby upstream PAS and ending within a few bases of each other when aligned with the genome. The method is summarized here and described in greater detail in the SI Text. To determine the coordinates of genomic EST alignments, we used the UCSC genome annotation (20) . Because of the relatively low accuracy of EST sequencing and recent genomic duplications, some ESTs can be aligned with more than one genomic position. To avoid possible misidentifications, ambiguously aligning ESTs were excluded from our analysis. For end-cluster detection, we plotted the number of matching ESTs against position along the entire genome. This analysis revealed, as expected, that the numbers of aligned ESTs gradually increase toward transcript 3Ј ends ( Fig. 1 ) and then abruptly fall, suggesting that the plot could be used to infer the direction of transcription. We used an approach that exploited a convolution algorithm to detect and quantify the shape of such edges, allowing adjustment of the algorithm parameters. We then tuned parameters and detection thresholds on various transcript collections to optimize the relationship between the numbers of database sequence ends detected and the proportion of predicted ends corresponding to nominal ends. Fig. S3 illustrates optimization of 1 parameter, the minimum number of EST ends required to identify a potential polyadenylation site.
The automated analysis identified 58,282 and 86,410 EST clusters on the murine and human genomes, respectively, that contain at least 2 EST ends and an appropriately positioned PAS. These candidate 3Ј ends were mapped in relationship to the UCSC KnownGene (12) collection and assembled in Dataset S1, Dataset S2, Dataset S3, and Dataset S4. The legends to the datasets are located at the end of the Supplementary Text. Approximately 75% of candidate ends lay within KnownGene transcription zones or up to 10 kb downstream of their nominal ends. Within the total KnownGene collection, 15% of genes had no associated prediction, 25% had only a single predicted termination site, and the remaining 60% had an average of 3-4 alternative polyadenylation sites predicted for each murine or human transcript, respectively. Failure to predict termination sites for 15% of the KnownGene collection could occur by failure to detect termini due to termination at rare variant PAS motifs, insufficient local EST representation, or complexity in the EST signature arising from nearby transcript ends on the opposite strand. KnownGenes may also lack 3Ј termini because they are incomplete; an example discussed below is the murine Mll2 gene (Table 2 ), the true termini of which are likely those detected in the ensuing downstream KnownGene. Of murine RefSeq genes originally lacking terminal PAS, 57% were assigned candidate ends in our analysis.
To assess the accuracy of identification of polyadenylation sites, we needed a benchmark set of transcripts ending at validated 3Ј polyadenylation sites. For this purpose, we used a collection of 113 murine genes chosen originally on the basis of their biological interest and accordingly representing an essentially random sampling relative to our objective here. For each transcript, a single likely 3Ј transcript terminus was chosen by hand curation based on identification of clustered EST ends occurring closely downstream of a PAS (Table S2 ). The validity of each curated 3Ј terminus was tested by specific secondary PCR probing of total cDNA, initially amplified globally from murine ES cells or purified hematopoietic precursor cells (21) under stringent conditions of oligo(dT) primer annealing and reverse transcription (8) . The global RT-PCR amplification procedure yields a mixture of individual cDNA fragments, each confined to a 300-to 500-nt window immediately upstream of a polyA sequence (8) . PCR primers (Table S3) were synthesized to target sequences contained within 300 nt upstream of the predicted polyadenylation sites and used to probe for the presence of their targets in globally amplified cDNA. Such targets would only be present in the global cDNA if they were located closely upstream of polyA sequences in the original RNA templates. Fragments of the predicted size were amplified in each instance (Fig. S5) , providing experimental support for the usage of all 113 curated polyadenylation sites. The presence of a validated PAS (Table S1 and Fig. S1 ) within 40 nt of the transcript ends was recorded after trimming of extraneous or homopolymeric sequences from the 3Ј ends as required for individual datasets. The VEGA (13) Each curated end was then mapped against the complete set of predicted ends listed in Dataset S1 and Dataset S2. Table S4 lists the genome coordinates of the curated benchmark set, the corresponding nominal database ends, and the automatically identified ends. Of the benchmark set, 110 (97%) were exactly matched by automatically identified ends. Of 31 curated bench- Many of these ESTs end abruptly at the left side of the principal peak, whereas the right side of the peak has a softer slope, which indicates that the ESTs derive from transcripts running from right to left, in agreement with the known direction of transcription of the Pde7a gene. The vertical red lines are maxima of the convolution of the EST-match histogram (see Materials and Methods), which indicate potential terminations. The red lines below the baseline represent potential terminations in the sense of the Pde7a transcription. Further evidence using PAS and clusters of EST ends is then used to confirm transcript ends. The 2 violet vertical bars (under both diamonds) represent clusters of EST ends located near rough ends and composed of at least 2 ESTs ending in the same position with a valid local polyadenylation signal. As explained in A, the rightmost end (violet diamond) is from the Ensembl collection but is found in the RefSeq database; the central end (yellow oval) is represented in Ensembl; and the leftmost (red diamond) is not represented in those collections. Of note, the end marked with the yellow oval had many EST ends (see A). However there was no corresponding PAS, and a tract of 16 consecutive A's coincided with the peak of EST ends. This end, reported by Ensembl, appears to reflect internal transcript priming during cDNA generation rather than a site of transcript termination. mark 3Ј termini that differed from the nominal database ends, all were correctly identified by the computational procedure within a tolerance of 50 nt. Of the 3 curated ends that were undetected by the automated algorithm, Cbx1 shares 3Ј terminal sequence with other genes leading to the exclusion of relevant terminal ESTs from the automated procedure, whereas Ring1 apparently uses an anomalous PAS at its curated end (AA-CAAA). Despite the presence of many EST ends at the Phf1 transcript terminus, ESTs originating from a gene on the opposite strand and terminating close to the 3Ј end of Phf1 interfered with edge detection by the convolution function. The high proportion of valid benchmark ends included in our automated prediction set extrapolates to a high rate of inclusion of valid ends in our murine and human prediction collections. Table S5 further describes the predictive precision of our murine dataset against various transcript collections, and Fig. S4 documents the improved performance of our dataset relative to earlier analyses and available curated transcript sets.
Dataset S1, Dataset S2, Dataset S3, and Dataset S4 can be used to devise cDNA probes for the 3Ј ends of any particular transcript. For each predicted terminus, 400 genomic nucleotides are included in the table corresponding to the terminal alignment of one EST ending at the predicted polyadenylation site. Priming at A-rich tracts internal to transcripts could yield ESTs whose polyA tails originate from genomic sequence rather than polyadenylation (Fig. 1) . Therefore 40 nt of sequence downstream of the predicted terminus are also supplied with a flag to indicate whether a downstream A-rich tract is present.
Four practical examples of use of the prediction tables are described here in detail. Table 2 contains the pertinent information for 4 murine transcripts as extracted from Dataset S1.
Murine Pde7a. The RefSeq for Pde7a lacks a polyadenylation signal near its nominal 3Ј end (Table 2 , row 1, column 9). The alignment of EST ends to the 3Ј end of this transcript was shown in Fig. 1 , where 3 termination maxima were clearly evident, none of which occurred at the nominal RefSeq end. Pde7a was located by a search of columns 4 in Dataset S1 and Dataset S2, and the corresponding data were copied to Table  2 . The Pde7a transcription interval on the genome is represented in the table by the alignment of RefSeq NM008802 on chromosome 3 from position 19457108 (5Ј) to 19418068 (3Ј). Within the limits of Ϫ1,000 to ϩ10,000 nt from the nominal 3Ј end of NM008802, 3 EST termination clusters are indicated (Table 2, Table 2 , column 13, indicate that the EST termini are distributed over a 36-nt interval (''termination zone'') for the predictions in both rows 3 and 4, descending from the start of the interval indicated in column 6. The 3Ј terminal sequence of a representative EST (Table 2 , column 15) at each predicted terminus is given in column 16. For the prediction in Table 2 , row 3, the value in column 14 locates the maximum number of EST endings to a position 13 nt upstream of the 3Ј end of the sequence in column 16. Each prediction in Dataset S1 and Dataset S2 has an associated link to the UCSC genome browser (22) . The browser view links to information on the tissue origin of the individual ESTs terminating at a predicted end that could narrow the choice of particular probes among alternative endings. The view can also be used to determine whether there is a continuous pattern of overlapping ESTs aligning with the genome between a nominal end and a predicted end further downstream. EST continuity would support membership of the predicted end in the same transcriptional unit. Additional information related to position of a predicted end and the evidence used to generate it can be examined by using the link in Dataset S1 and Dataset S2 to our Transcriptome Sailor web server (www.ogic.ca/ts).
Murine Rnf11. Lookup of the gene symbol ''Rnf11'' in Dataset S1 and Dataset S2 identifies 3 predicted alternative polyadenylation sites ( Table 2 , rows 8-10), each of which lies downstream (column 11) of the nominal RefSeq end (row 7, columns 3 and 7). The absence of a nominal PAS flag in Table 2 , column 9, indicates that the nominal RefSeq terminus lacks a PAS and is therefore unlikely to be a site of polyadenylation. One of the predicted alternative ends, supported by 17 EST ends, is located 1,750 nt downstream of the corresponding nominal RefSeq end on the genome. The view, accessible by using the corresponding link to the UCSC browser, is shown in Fig. S6 . The UCSC browser data indicate a continuous pattern of overlapping ESTs aligning with the genome between the nominal and predicted ends, providing evidence for linkage of the predicted end to the same transcriptional unit. This predicted site was among the set verified experimentally within this study as described above.
Murine Mll2. EST termination clusters were not detected in the Mll2 transcription interval on the genome as represented by the BC058659 mRNA sequence (Table 2, row 12 ). However, a distinct transcript AK039901 is shown (Table 2, row 13) beginning 1,500 nt downstream of the nominal end of BC058659, within which 2 potential alternative endings are detected a short distance upstream of its nominal end ( Table 2 , rows 14 and 15, column 11). The UCSC browser indicates a lack of continuity of overlapping ESTs in the interval between the 3Ј end of BC058659 and the 5Ј end of AK039901, suggesting these might be unrelated transcripts. However, analysis of the sequence in the unpopulated intervals by using an RNA folding algorithm reveals 2 regions of high-energy internal folding (Fig. S7) , which could render RNA transcripts inaccessible to cDNA generation in this region and thus obscure their transcriptional continuity in the EST databases. The analysis suggests that the predicted end near position 98659766 could represent a 3Ј polyadenylation site of Mll2. Supporting evidence was obtained by probing this target by specific RT-PCR in hematopoietic and other cells by using the strategy described for Fig. S5 . The results yielded an expression pattern that was expected for Mll2.
Murine Zdhhc5. The exemplar RefSeq for Zdhhc5 is shaded gray in Table 2 (row 17) and in Dataset S1 and Dataset S2, indicating that its nominal 3Ј transcript end overlaps another gene transcribed in the opposite direction on the positive genome strand. The predicted polyadenylation site ( Table 2 , row 18) located 181 bases upstream of the nominal RefSeq end is similarly shaded in gray. The narrow width (Table 2, column 13) of the termination zone of the corresponding EST cluster suggests that it belongs to Zdhhc5 and not to the gene ending on the opposite strand, as explained in the legend to Dataset S1 and Dataset S2. The corresponding UCSC browser view is shown in Fig. S8 .
Discussion
The approach outlined here, together with tables relating predicted polyadenylation sites to known genes, significantly reduces the effort required to identify bona fide transcript ends. The prediction tables are based on methodology that improves on earlier EST-based analyses (14) (15) (16) (17) (18) (19) and demonstrates a 97% level of predictive recall on a hand-curated and experimentally supported benchmark transcript set. Exact and comprehensive definition of alternative 3Ј transcript ends will allow for the design of probes that discriminate between alternative forms and thereby support elucidation of the regulatory impact of alternative polyadenylation. The described methods will also facilitate measurement of global gene expression in amplified cDNAs representative only of 3Ј transcript termini. Redesign of microarrays with probes uniformly positioned close to true 3Ј ends will significantly reduce the sequence-based, secondary structure-mediated biases that are inherent in transcribing and labeling copies of mRNA and which may be magnified when amplification of target sequences is attempted.
Materials and Methods
Implementation and tuning of the algorithm for automated recognition of EST end clusters is described in detail in SI Text, along with measurements of recall and precision and comparison of these parameters against earlier reported implementations. Procedures used in generating Dataset S1, Dataset S2, Dataset S3, and Dataset S4 are described in the legend to Dataset S1 and Dataset S2. PCR probing of globally amplified cDNA samples used to test for the presence of curated transcript ends is described in the legend to Fig. S5 .
We have implemented our predictions in a web tool (Transcriptome Sailor, www.ogic.ca/ts) to allow for their examination in a genomic context. The web site also provides access to the complete datasets used for this study and to updates, as generated with future refinement of our algorithms.
